INTRODUCTION
Corrosion is one of the most important factors limiting life-extension of aircraft in both commercial and military fleets. Non-destructive methods for characterizing damage caused by hidden corrosion in layered structures such as aircraft lap-splices are, consequently, a high priority for commercial airlines and the Department of Defense. A considerable effort is underway to develop new eddy-current techniques for detecting and characterizing hidden corrosion. Eddy-currents have the advantage ofpenetrating into subsurface layers and therefore being sensitive to their condition, whether or not the layers are mechanically bonded. In contrast, ultrasonic techniques require a mechanical bond between layers for the ultrasonic energy to penetrate to the second or third layers. Both time-domain [1,2] (pulsed) and frequency-domain [3, 4] (continuous wave) methods are under development.
Pulsed eddy-current systems have important advantages. One of the main advantages is that they can be constructed from simple, relatively inexpensive equipment. Since pulsed signals contain a broad range of frequencies, their information content is inherently greater than conventional single-or dual-frequency signals. In this way, they are akin to sweptfrequency measurement methods [3] , which sample a large number of frequencies. Yet the pulsed eddy-current technique is much faster: 100 milliseconds to acquire a pulsed eddycurrent signal compared to several minutes to complete a swept-frequency measurement. They are also expected to provide better discrimination against interfering signals from fasteners and subsurface structures.
We have built a pulsed eddy-current instrument for characterizing corrosion-induced loss of metal in aircraft structures. The instrumentation is very simple and robust, and is capable of detecting loss of metal at any position in a two-or three-layer structure, and it appears possible to distinguish between true loss of metal and mere separation of the plates. We have characterized the performance of the instrument on manufactured simulations of lap joints made from 1-mm thick 2024 aluminum plates, using milled regions to simulate metal lost to corrosion. We have also tested the equipment on samples fabricated from actual corroded aircraft skins. A ten percent loss of metal from the back side of a 4-mm thick plate of aluminum is detectable with the instrument and theoretical predictions indicate that corrosion as deep as 12 mm should be detectable. We have assembled and tested two versions of the device: one based on step-function excitation at constant voltage of a single absolute coil, the other based on a two-port, reflection type probe. In the two-port system, an outer drive coil is excited with a constant-voltage step function and the emf induced in a second, coaxial coil is monitored.
Theoretical models of both versions of the instrument, using absolute and reflection probes, have been developed. The models derive from the analytic solutions of Cheng, Dodd, and Deeds [5] for a coil over a multiple-layered half-space. The basic equations are formulated in the frequency domain and then calculations are Fourier-transformed to obtain predictions of the time-domain responses of the coils. Experiment and model predictions have been compared for a number of cases, with excellent agreement.
In the following sections of this paper, we describe the formulation of the theoretical model and show calculated signals for the absolute-coil instrument. Next, we describe the design of the pulsed eddy-current instrument and the experimental procedures that were followed in the present study. We then present a series of comparisons between theoretical predictions and experimental results for simulated corrosion at the faying surface of a twolayer lap joint and for the case where the two plates are separated by an air gap without loss of metal. Finally, we discuss the potential of this technique for providing quantitative characterization of metal loss and discrimination between true damage and distortion of the lap joint structure.
TIIEORY
The transient current that arises in a coil in response to the application of a voltage step function at time t = 0 is given by 
Here, t denotes time, while x denotes the spatial coordinates. The symmetry of the problem suggests the use of cylindrical coordinates; z denotes the coordinate perpendicular to the plates, while (r, cI» denote the radius vector in the plane and the azimuth. The electrical conductivity of the plates is cr, and ~o is the permeability offree space. The imposed current density is denoted by Jext.
The solution to Eq. (2) for the particular geometry ofa multi-layer lap joint is carried out in the frequency domain, following the method of Cheng, Dodd, and Deeds [5] . These authors first obtained a solution that separated the partial differential equation in the r and z coordinates. This results in a set of ordinary differential equations (ODE's) for the vector potential that are parameterized by the separation variable. Next, they provided analytic solutions for the ODE's. The ODE in the z-variable has the form of the Helmholtz equation with a complex wave-vector. This ODE was solved by the transfer matrix method. The next step was to sum the solutions over the separation variable so as to satisfY the boundary conditions. They approximated the current density in the coil by assuming that it was a specified constant throughout and they obtained the electric field from the vector potential via E = -j ro A. The voltage across the coils was estimated by line integrals of the electric field. Finally, they modeled the impedance as the computed voltage divided by the specified current.
For our calculations, we then take the impedance calculated in this way and calculate the frequency-domain admittance as Y(ro) = 1/Z(ro). Finally, we obtain the time-domain current in the coil by Fourier transform of the admittance 
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PULSED EDDY-CURRENT INSTRUMENT
The pulsed-eddy-current instrument we designed and built in the course of this study is illustrated in Fig. l . It is a PC-based instrument, and the most important component is the analog-to-digital converter, which is configured on a full-length ISA card plugged into the computer's bus. The AID converter (Analogic's FAST 16-1-1) is a I megasample per second, 16-bit converter. The speed and dynamic range of this AID converter are essential to the operation of the pulsed eddy-current instrument. The speed is necessary to achieve an adequate bandwidth for the measurement. Although most of the information content of the signal is centered at about 20 kHz, a bandwidth of at least 200 kHz is necessary to achieve adequate resolution and rise time. The dynamic range is required because, as in most eddy-current measurements, the change in probe impedance caused by a defect is a small part of the background signa~ usually on the order of 1000 ppm. To make these small signals visible, we record a signal from an area of the specimen presumed to be defect-free, and this reference signal is then subtracted from the incoming signal for display. Typically, we average from 100-500 signals for a stable, relatively noise-free display. Since the repetition rate of the excitation is I kHz, the averaging can be done without adversely affecting data acquisition times. Operation of the instrument and the display and recording of data are controlled by a WindowsTM..based program
The remaining components of the system are the probe itself and the electronic circuits for driving the probe and pre-conditioning the signal before digitization. The probe is a two-port, pitch-catch probe, consisting of two coaxial air-core coils. The dimensions and other parameters of the coils are given in Table I . The probe could be operated in either of two modes: (1) as a pitch-catch system with the excitation supplied to the outer drive coil and the resulting emf detected in the inner pick-up coil or (2) as an absolute system with the excitation again applied to the outer coil, but with the signal obtained from this coil as well by recording the voltage across a I-ohm current-monitoring resistor in series with the coil. Separate electronic circuits were designed for the two modes of operation. In this paper we only discuss results from the second mode of operation, as an absolute coil. Excitation for the coil was provided by a 5-V TTL circuit producing a I-kHz square wave synchronized to the clock of the AID converter. A preamplifier provided a gain of 10 to the signal from the current-monitoring resistor prior to digitization.
EXPERIMENT
The pulsed eddy-current instrument has been used with a wide variety of corrosion specimens to characterize its performance. These tests have included samples fabricated from actual corroded aircraft skins, specimens corroded in the laboratory in a salt-spray chamber, specimens corroded in galvanic cells in solutions ofNaOH, and specimens with machined flat-bottom holes. For the purposes of this study, which has as its emphasis the quantitative comparison of theory and experiment, we used the latter specimens. These consisted of coupons of 1-mm thick 2024 aluminum clad with 0.1 mm of pure aluminum The size of the coupons was approximately 75 x 150 rom, with oblong areas 20 x 40 mm milled to depths of 0.1, 0.2, and 0.3 mm. Samples were sandwiched with an unmilled coupon and the probe was positioned over the specimen in a jig which permitted the probe to be held rigidly upon the specimens under a slight force. For this study, we examined three configurations: (1) the milled area located on the bottom of the top plate, (2) the milled area located on the top of the bottom plate, and (3) two blank (unmilled) coupons sandwiching 1-3 plastic sheets ~O.l mm thick.
The measurement procedure consisted of a differential pair of measurements on each specimen. First a signal was obtained for reference on an unmilled area of the simulated lap joint. Then the probe was repositioned over the milled area and the signal recorded in the computer. The signals we present here were the result of500 averages. Some drift in the signal occurs during measurement owing to the tendency of the coil to heat up when in air and then cool down slightly when placed in contact with the aluminum specimens. To minimize this effect, the probe was allowed to equilibrate with the specimen temperature for 1-2 minutes before recording the data.
RESULTS AND DISCUSSION
The results of the measurements described above are compared to theoretical calculations in Fig. 3 (a) and (b) . Figure 3(a) shows the signals from 10, 20, and 30% thinning of the aluminum. at the bottom of the uppermost plate. It is evident that the theoretical calculations agree remarkably well with experiment, being within 10% in all cases. The agreement is somewhat better for smaller amounts of metal loss. This is believed to be due to the fact that there is a slight attenuation of the high-frequency components of the signal that is not accounted for in the calculations, and this becomes more apparent for greater amounts of metal thinning since the rise-time becomes greater in this case. It is worth noting, perhaps, that there are no adjustable parameters in these comparisons; the inputs to the calculation are the actual coil parameters shown in Table I , the specimen dimensions and conductivity, and the measured circuit parameters of the preamplifier. The shape of the signals is of interest for purposes of interpretation: a fast rise to a peak followed by a slower decay, with the signal crossing zero and then decaying back to zero at a much slower rate. As the metaVair interface moves closer to the top surface of the plate, the peak shifts to earlier times. The key features which uniquely characterize these signals are the initial peak height, the time of this peak, and the time of the zerocrossing. The peak time and zero-crossing time appear to scale directly, so that only two parameters are needed to characterize the signals. Indeed, we have been able to scale curves such as these with two parameters (a linear scaling in amplitude and a simple nonlinear scaling in time) so that they lie directly over one another.
When the missing metal is located at the top surface of the lower plate, a similar set of curves is obtained, as revealed in Fig. 3 (b) . Again we find excellent agreement between theory and experiment. One subtle difference between this case and the preceding one for metal loss at the bottom of the top layer is that there is much less shift in time to the peak signal with increasing metal loss, and the time shift increases with increasing metal loss. We believe this effect is due to the fact that the metaVair interface in this case remains stationary, with the second (air/metal) interface receding with increasing loss of metal.
Finally, we measured samples where there was no change in the thickness of metal, but the two plates were separated by increasing numbers of nonconductive spacers. This situation often occurs in real aircraft, where physical distortion of the lap-splice configuration is not uncommon. One of the main difficulties with eddy-current inspections for corrosion is the occurrence offalse positives from such features. Hence, it is important to be able to distinguish between actual loss of metal and signals caused by air gaps in the lap splice. Results from laboratory simulation of this phenomenon are shown in Fig. 4 (a) . Again, we find excellent agreement between theory and experiment. Although the signals we observe are comparable in magnitude to the signals from metal loss, they occur on a much shorter time scale and we believe that this offers a possible means to discriminate between true corrosion and mere separation between the two plates.
This possibility is graphically illustrated in Fig. 4 (b) , where we have mapped the strength of signals (calculated for the reflection probe) against the time at which the signal crosses zero. Signals from the case with metal loss occurring in the top layer are largest, since they suffer the least attenuation by passing through the metal. Signals from other cases are comparable in magnitude. But the time to zero-crossing separates the signals into four different classes. Loss of metal at the deepest position shown (bottom of the bottom layer) leads to the longest time to cross zero, while the mere separation of the
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4.0E-4 plates with no loss of metal leads to the shortest time to cross zero. We believe that this information will enable one to discriminate true corrosion from separation of the plates and to determine the amount and location of corrosion quantitatively just on the basis of signal strength and zero-crossing time. This would be markedly faster that a model-based inversion comparing theory and experiment iteratively. However, when corrosion occurs in several locations at the same time, this situation is likely to become more complicated. It may be necessary then to use different diameter coils to clearly distinguish the location of the corrosion. One possibility we are considering is to use both coils in our probe for absolute measurements, and then in combination for a pitch-catch type measurement. This would give us additional leverage for quantitative characterization of corrosion in multilayer aircraft structures.
SUMMARY
We have descnbed a pulsed eddy-current instrument for the characterization of corrosion-induced loss of metal in aircraft structures. The instrumentation is very simple and robust. The pulsed eddy-current instrument is capable of detecting loss of metal at any position in a two-layer structure, either top or bottom plate, and it appears possible to distinguish between loss of metal and excessive separation of the two plates. We have assembled and tested two versions of the device: one based on step-function excitation at constant voltage of a single absolute coil, the other based on a two-port, reflection type probe. Theoretical models of both versions of the instrument, using absolute and reflection probes, have been developed. The models derive from the analytic solutions of Cheng, Dodd, and Deeds for a coil over a multiple-layered half-space. The basic equations are fonnulated in the frequency domain and then Fourier transfonned to obtain predictions of the time-domain responses of the coils. Experiment and model predictions have been compared for a number of cases, with excellent agreement.
